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Abstract
Interferences between different emitters in the multi-parton shower is the building block of QCD jet physics in
vacuum. The presence of a hot medium made of quarks and gluons is expected to alter this interference pattern. To
study such effects, we derive the gluon emission spectrum off an ”asymptotic quark” traversing a hot and dense QCD
medium at first order in the medium density. The resulting induced gluon distribution gets modified when the new
interference terms between the initial and final quark are included. We comment on the possible phenomenological
consequences of this new contribution for jet observables in heavy-ion collisions.
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1. Introduction
Jets in hadronic collisions are an important tool to test experimentally many of the predictions based on pQCD.
An striking property which determines the emission pattern of the observed gluon radiation in jets is the interference
among different emitters in a parton cascade. Color coherence effects have been verified experimentally in e+e− and
pp¯ collisions [1]. The most remarkable consequence of color coherence phenomena in QCD is the angular ordering
of subsequent soft gluon emissions which leads to the suppression of radiation at large angles.
The suppression of soft radiation can be easily understood by considering gluon emission off in DIS with a highly
virtual photon (t-channel). In this case, the single inclusive gluon spectrum is given by
ω
dNvac
d3~k
=
αsCF
(2pi)2
p · p¯
(p · k)(p¯ · k) , (1)
where CF is the color charge of the quark, k = (k+, k−,k) is the 4th-momentum of the emitted gluon in light cone
coordinates and p( p¯) is the momentum of the in(out)coming parton1. The contribution to the gluon spectrum (1) from
either the incoming or the outcoming parton can be found by separating the collinear divergences along the emitter
and including the interferences. As a result, a probabilistic interpretation for a coherent gluon emission is found. The
probability of emit a gluon from any of the emitters can be found by integrating along the azimuthal angle of one of
the emitters, say the incoming parton
〈dNin〉φ = αsCF
pi
dω
ω
d(cos θ)
1 − cos θΘ(cos θ − cos θqq) , (2)
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1Hereafter an overlining ¯ is used to denote the momentum and related quantities of the outgoing quark.
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where θ is the angle of emitted gluon and θqq is the angle between the incoming and the outcoming parton due to
hard scattering with the virtual photon. From last expresion we observe the presence of soft and collinear divergences
which must be re-summed [2]. In addition, Eq.(2) indicates us that gluon radiation is going to be confined inside the
cone defined by the opening angle θqq along the emitter. Hence, there is no large angle emission.
Most of the efforts to understand medium induced gluon radiation have been limited to one inclusive gluon
emission[3] but not much is known about color coherence effects in the presence of a QCD medium. Recently,
this problem started to be addressed by some authors by considering the radiation pattern of a qq¯ antenna immersed in
a QCD medium [4]. In these proceedings we review our recent work [5] related with an extension of color coherence
studies inside a QCD medium to a space-like (t-channel) scattering process.
2. Interference between initial and final state radiation in a QCD medium
To study the initial state radiation in the presence of a QCD medium, we consider the medium induced gluon
radiation of a parton created in the remote past which suffers a hard scattering and subsequently it passes through a
QCD medium of finite size.
At first order in the medium field A−med(x
+, q) one finds that the total scattering amplitude for gluon radiation off
the incoming and the outcoming quark is [5]
Maλ = 2ig2
∫
d2q
(2pi)2
∫ L+
x+0
dx+ [T · A−med(x+, q)]ab
×
{
Qbin
κ − q(
κ − q)2 − Qbout
[
κ¯ − q
(κ¯ − q)2
[
1 − exp
(
i
(κ¯ − q)2
2k+
x+
)]
+
κ¯
κ¯2
exp
(
i
(κ¯ − q)2
2k+
x+
)]}
, (3)
where Qbin(out) is the color charge of the in(out)coming parton, κ = k − xp is the transverse momentum of the gluon
relative to one of the incoming parton (similar definition for κ¯) and L+ is the length of the medium. The first term of the
last expression corresponds to the reshuffling of the gluon emission off the incoming parton after its encountering with
the color charges of the medium. The second and third terms are associated with gluon emission off the outcoming
parton. The second one is interpreted as the interaction of the emitted gluon with the medium while the third one is
the interaction of the quark before bremstrahlung emission of the gluon.
After taking the square of the scattering amplitude (3), the medium induced gluon spectrum is given by [5]
ω
dNmed
d3~k
=
4αsCF qˆ
pi
∫
d2q
(2pi)2
V2(q)
∫ L+
0
dx+
[
1
(κ − q)2 −
1
κ2
+ 2
κ¯ · q
κ¯2(κ¯ − q)2
(
1 − cos
[ (κ¯ − q)2
2k+
x+
])
+ 2
{
κ · κ¯
κ2κ¯2
− κ¯ · (κ − q)
κ¯2(κ − q)2
}
+ 2
{
κ¯ · (κ − q)
κ¯2(κ − q)2 −
(κ¯ − q) · (κ − q)
(κ¯ − q)2(κ − q)2
}(
1 − cos
[ (κ¯ − q)2
2k+
x+
])]
, (4)
The gluon spectrum is composed by three parts: (i) the gluon emission off the incoming parton (first line) which is
the bremmstrahlung of an accelerated color charge which undergoes rescattering, (ii) gluon emission off outcoming
quark (second line) is identified with the medium induced radiation of the N=1 opacity expansion (GLV spectrum)
[3] and (iii) the interferences between the incoming and the outcoming parton (third line). In addition, the spectrum
contains soft and collinear divergences.
To shed light on the relevant scales of the problem which determine the physics, we study in the next subsections
the coherent and incoherent limit as well as the soft sector of the gluon spectrum (4).
2.1. Incoherent limit
For short formation times τ f << L+, the phases cancel and the gluon spectrum (4) simplifies to [5]
ω
dNmed
d3~k
∣∣∣∣∣
τ fL+
=
4αsCF qˆ
pi
∫
d2q
(2pi)2
V2(q)
∫ L+
0
dx+
{
L¯2 + C2(κ − q) − C2(κ)
}
, (5)
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where we use the definition of the the Lipatov vertex L¯ in the light cone gauge and the transverse emission current
C(κ) respectively2
L¯ =
κ¯ − q
(κ¯ − q)2 −
κ¯
κ¯2
, C(κ) =
κ
κ2
− κ¯
κ¯2
. (6)
This result shows us the two main mechanisms of gluon radiation: The first term of Eq. (5) corresponds to the genuine
medium-induced radiation of an asymptotic parton that suffers a scattering with the medium. The two last terms
corresponds to bremsstrahlung associated to the hard scattering followed by the radiated gluon suffering a classical
sequential process of rescattering with the medium. The latest two terms include interferences among the incoming
and the outgoing quarks alike. This result is a generalization of the probabilistic interpretation of the incoherent limit
of the GLV spectrum [3].
2.2. Coherent limit
When one considers large formation times τ f  L+, the gluon spectrum is given by [5]
ω
dNmed
d3~k
∣∣∣∣∣
τ fL+
=
4αsCF qˆ
pi
∫
d2q
(2pi)2
V2(q)
∫ L+
0
dx+
{ 1
(κ − q)2 −
1
κ2
+ 2
κ¯ · κ
κ¯2κ2
− 2 κ¯ · (κ − q)
κ¯2(κ − q)2
}
. (7)
The first two terms in the last expression correspond to the reshuffling of the gluon emission off the incoming quark.
The next two terms are interferences between the initial and final state. In addition, notice that even though the
independent GLV gluon spectrum gets suppressed due to the LPM effect, some of the interferences among the initial
and final parton remain. Notice that when Eq. (7) is integrated in k⊥ and neglecting finite kinematics of the gluon, one
recovers the result shown in Eq. (3.4) of [6].
2.3. Soft limit
In the soft limit ω→ 0 the medium-induced gluon spectrum gets simplified to [5]
ω
dNmed
d3~k
∣∣∣∣∣
ω→0
=
αsCF
(2pi)2
∆med
(
2
κ¯ · κ
κ¯2κ2
− 1
κ2
)
, (8)
where ∆med = qˆL+/m2D ≈ L/λ that is the effective number of scattering centers. If now we consider within this limit
the full gluon spectrum dN tot |ω→0 = (dNvac + dNmed)|ω→0, this can be written as [5]
ω
dN tot
d3~k
∣∣∣∣∣
ω→0
=
αsCF
(2pi)2
(Ptotin + Ptotout)∣∣∣ω→0 , (9)
where
Ptotin =
(
1 − ∆med)( 1
κ2
− κ¯ · κ
κ¯2κ2
)
, (10a)
Ptotout =
(
1
κ¯2
− (1 − ∆med) κ¯ · κ
κ¯2κ2
)
. (10b)
In the absence of a medium ∆med → 0 and Eq. (9) reduces to the vacuum radiation pattern (1). In the opposite case
of an opaque medium ∆med → 1, there is a significant reduction of soft gluon radiation from the incoming parton3.
The fact that the gluon radiation can be factorized in two components allows us to have a probabilistic interpre-
tation. The first term Ptotin is the coherent gluon emission off the incoming quark reduced by the probability ∆med that
the emitted gluon interacts with the QCD medium. In addition, Ptotin will keep the same angular ordering constraint as
in the vacuum case. The second term Ptotout accounts for the partial decoherence of the emitted gluon due to the scatter-
ings with the QCD medium which share some similarities observed in the qq¯ antenna case [4]. Such decoherence is
measured by the probability of an interaction with the medium ∆med. As a consequence, the medium opens the phase
space for large angle emissions, a property called antiangular ordering [4]. The soft limit (9) remains valid for a range
of finite gluon energies as far as ωθqq, k  mD.
2An identical definition follows for C(κ − q) by changing κ→ κ − q.
3Due to unitarity constraints ∆med ≤ 1.
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3. Conclusion
In this work we study the radiation pattern of the initial state radiation in the presence of a QCD medium by
including interferences between the incoming and the outcoming parton. We calculate the medium induced gluon
spectrum of an asymptotic parton created in the remote past which suffers a hard collision and subsequently crosses a
QCD medium. The gluon spectrum is composed of the independent gluon emissions associated to the incoming and
outgoing parton as well as interference terms between both emitters. We study three asymptotic limits of the medium
induced gluon spectrum: the incoherent, coherent and soft sector. In the incoherent limit τ f  L+, a probabilistic
interpretation for the gluon spectrum is found which resembles a similar structure observed for the GLV spectrum but
now it is generalized by accounting interferences among the two emitters. For the coherent limit τ f  L+ the medium
induced gluon spectrum is reduced to the classical broadening contribution associated exclusively to the initial state
and some of the interferences remain. In the soft limit, the probabilistic interpretation for the radiation pattern of
the full gluon spectrum has two main important features: (i) gluon emissions from the initial state remain coherent
but they are reduced by the probability to interact with the medium measured by ∆med ∼ qˆ/m2D and (ii) the final state
emissions decoheres due to interactions with the medium so antiangular ordering appears due to interferences between
both emitters.
Our studies show how interferences indeed affect the angular distribution of the gluon radiation under the presence
of a QCD medium. The results found in the soft limit hold for any t-channel exchange of a color singlet object
independent of the color representations as far as ωθqq, k  mD. Our work is a first principles approach for the proper
inclusion of coherence effects on observables sensitive to initial state radiation in high energy nuclear collisions.
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